Objective: The role of osteoprotegerin (OPG) and its receptor activator of nuclear factor kB legend (RANKL) in the regulation of bone in humans remain unclear. We examined the sex-specific associations of serum OPG, RANKL, and their ratio with bone mineral density (BMD) in older adults. Design: Participants were 681 community-dwelling adults, ages 45-90 years, who had serum OPG and RANKL measured and bone density scans in 1988-1991, with follow-up scans 5 and/or 10 years later. Methods: Analyses were sex-specific; women using and not using estrogen were evaluated separately. Cross-sectional analyses used multivariable regression models; longitudinal analyses used repeated measures mixed effects models. Results: In cross-sectional analyses, age-and weight-adjusted serum OPG levels were significantly positively associated with BMD at the lumbar spine in men, and at the femoral neck, total hip, and lumbar spine in women using estrogen, but not in non-users of estrogen. RANKL concentrations were significantly and inversely associated with BMD in men only, and at the total hip. Neither OPG nor RANKL was significantly associated with bone loss. Results for the RANKL/OPG ratio were the same as those for RANKL alone. Conclusions: These results suggest a modulatory effect of both endogenous and exogenous sex hormones on the biologic interaction of OPG, RANKL, and bone.
Introduction
The osteoprotegerin/receptor activator of nuclear factor kB legend/receptor activator of nuclear factor kB (OPG/RANKL/RANK) system is thought to play a major role in the regulation of osteoclastogenesis and to be the chief mechanism by which osteoblast and osteoclast activity are coupled to coordinate bone formation and bone resorption (1, 2) . OPG, a soluble receptor secreted by osteoblasts and other cell types, competitively binds RANKL expressed primarily on osteoblasts, preventing RANKL from binding to the RANK on osteoclasts (3) .
In vitro studies have shown that in the absence of OPG, RANKL binds to the RANK receptor, promoting the proliferation and differentiation of pre-osteoclasts, and prolonging osteoclast survival by suppressing apoptosis (4) (5) (6) (7) . In the presence of OPG, osteoclast differentiation, activation, and survival are inhibited (4, 6) . Variations in the balance of OPG and RANKL are thought to critically contribute to the pathology of osteoporosis and other bone diseases (4, 6) .
The effects of alterations in the OPG/RANKL/RANK pathway have been demonstrated in genetic models. In OPG knockout mice, the number of osteoclasts is increased markedly and severe osteoporosis develops throughout the skeleton (4, 8, 9) . Transgenic mice overexpressing OPG produce almost no osteoclasts and develop osteopetrosis (4, 6) . Mice administered serum RANKL developed elevated levels of osteoclast growth and activation, leading to osteoporosis (2, 7) . In humans, a mutant gene encoding OPG has been found; the mutant OPG produced by this gene fails to suppress bone resorption, resulting in severe bone deformities (10) .
Published findings of serum OPG-bone mineral density (BMD) associations in humans have been inconsistent (3, (11) (12) (13) (14) (15) (16) (17) (18) , and few studies have assessed the associations of RANKL (18) (19) (20) and the RANKL/ OPG ratio (20, 21) with BMD. To test the a priori hypotheses that OPG-BMD associations are positive and RANKL-BMD associations are negative in humans, we conducted a cross-sectional and prospective study of the associations of serum levels of OPG, RANKL, and their ratio with BMD in older men and postmenopausal women, stratified by use of estrogen.
Materials and methods

Study population
Between 1988 and 1991, 82% (nZ2031) of surviving community-dwelling men and women from the Rancho Bernardo Study, a study of healthy middle to upper middle class ambulatory older Caucasian adults aged 45-90, participated in a baseline osteoporosis study visit. To be eligible for the present analysis, participants had to have returned for a third osteoporosis visit about 10 years after the baseline osteoporosis visit. Of the original osteoporosis study cohort, 1095 (54%) died prior to the third osteoporosis visit. Of the remaining 936 participants, 681 (73%) had sufficient serum stored for analysis of serum OPG and RANKL levels and had one (nZ52) or two (nZ617) subsequent bone density scans. The surviving participants were younger, consumed alcohol more frequently, and exercised more frequently than those who did not participate. Each visit for this study was approved by the Institutional Review Board of the University of California, San Diego. All participants gave written informed consent.
Measurements
Baseline age, medical history, and health habits were assessed using standardized questionnaires. Data on current health habits were dichotomized: current cigarette smoking (yes/no); alcohol consumption on three or more days per week (yes/no); exercise on three or more days per week (yes/no); and current estrogen use (yes/no). Smoking, exercise frequency, alcohol frequency, and current estrogen use were self-reported. In this cohort, self-reported lifestyle measures correlate with relevant measurements, such as pulmonary function, pulse rate, high density lipoprotein cholesterol, and liver function tests (22) (23) (24) . Current estrogen use at baseline was validated by examination of pills and prescriptions brought to the clinic for that purpose.
BMD (g/cm 2 ) of the femoral neck, total hip, and lumbar spine (L1-L4) was measured using dual-energy X-ray absorptiometry (DXA; Hologic QDR-1000; Hologic, Inc., Bedford, MA, USA). Scans were standardized daily against a calibration phantom. Weight was measured using a balance beam scale with participants wearing light clothing and no shoes.
Serum from non-fasting blood samples obtained by venipuncture on the day of the baseline bone scan was separated and frozen at K70 8C. OPG and RANKL were measured in 2004 at Amgen, Inc. in Thousand Oaks, CA, USA. Serum OPG levels were measured using an ELISA commercial kit (Biomedica Gruppe, Vienna, Austria) that detects monomeric, dimeric, and ligand bound OPG. The published sensitivity of the assay was 2.8 pg/ml; the intra-and interassay coefficients of variation were 4-10 and 7-8% respectively. RANKL levels were assayed using an ELISA (Biomedica Gruppe) that detects soluble, uncomplexed human RANKL in serum. The manufacturer's insert indicates that the ELISA can reliably detect values below 1.6 pg/ml using extrapolation. For the purposes of this study, values O 0.20 pg/ml were included in the analyses as measured; levels for 75 individuals (27 men and 48 women) with values below 0.20 pg/ml were set at 0.20 pg/ml for these analyses. The intra-and interassay coefficients of variation for RANKL were 3-5 and 6-9% respectively.
Serum samples were stored at K70 8C for up to 16 years before assay, and information regarding the effect of long-term storage are limited (25) . However, OPG and RANKL data were available for a subset of 139 Rancho Bernardo participants at two different visits 11 years apart, providing samples assayed after 5-16 years of storage. There were no associations between storage duration and OPG or RANKL concentrations in these samples. Also, means and variances for OPG and RANKL concentrations did not differ between the two visits. Serum OPG and RANKL concentrations did not vary significantly with time of the day of blood draw or the number of hours since last dietary intake.
Statistical analysis
All variables except OPG and RANKL levels were normally distributed. Natural log-transformed OPG and RANKL values approximated normality and were used in all statistical analyses. OPG and RANKL data are presented as either the geometric mean or in standardized units to simplify interpretation. For all analyses, data were stratified into three comparison groups: men (nZ307), women using estrogen at the baseline osteoporosis visit (nZ173) and women not using estrogen at the baseline visit (nZ201). The latter group included 106 prior estrogen users 85% of whom had stopped estrogen long enough (O1 year) for the protective effect of estrogen therapy on BMD to reverse (26) .
Descriptive statistics of the study cohort were summarized using means with 95% confidence intervals for continuous variables or proportions for dichotomous variables. Least squared means and the ordinary c 2 test were used to evaluate significant differences among the three comparison groups. Student's t-test and the ordinary c 2 were used to compare the characteristics of participants included in these analyses to those in the baseline osteoporosis cohort not included in the present study due to death prior to the third osteoporosis visit, lack of archived sera, or no subsequent bone scan.
Covariates were evaluated for incorporation in the OPG-BMD and RANKL-BMD models by testing individual associations with OPG and RANKL; correlations were used for continuous variables and least squared means were used for dichotomous variables. Covariates significantly associated with OPG or RANKL and BMD that changed the coefficient estimate of OPG or RANKL as a predictor of BMD by O15% were considered confounding variables.
Multiple linear regression models were used to examine associations between OPG, RANKL, and their ratio with BMD. Models were evaluated unadjusted and by adding one covariate at a time. In adjusted models, regression diagnostics verified that data met normal regression assumptions including linearity, normality of residuals, and lack of collinearity. Additional adjustment for time of day of blood draw and number of hours since last dietary intake did not materially alter results.
Mixed-effects models for repeated measures were used to evaluate associations of baseline OPG and RANKL, with change in BMD between baseline and subsequent visits w5 and 10 years later. These models were adjusted for the same covariates used in the multilinear regression models.
All P-values were based on two-tailed significance, defined as P!0.05. No adjustments were made for multiple comparisons, in order to reduce type 2 errors (27) . All statistical analyses were conducted using the SAS system package (version 9.1, SAS Institute, Cary, NC, USA). Table 1 shows the baseline characteristics of the 307 men and 374 women aged 45-90 years who participated in this study. More than 98% of women were postmenopausal. Men weighed more, had a higher BMD, and reported more frequent alcohol consumption than women. Women not using estrogen had the lowest BMD. OPG and RANKL levels did not differ significantly by sex or by women's estrogen use status.
Results
Characteristics of participants
Associations of OPG and RANKL with osteoporosis risk factors
As shown in Fig. 1 , increasing age was associated with significantly higher OPG levels (P!0.001) for all three comparison groups. Table 2 summarizes associations of OPG and RANKL with osteoporosis risk factors. For men only, OPG levels were lower for those who reported drinking alcohol three or more days per week compared with those who reported drinking less frequently or not at all (age adjusted geometric mean: 102.5 vs 118.2 pg/ ml respectively, PZ0.001). For women using estrogen, OPG concentrations were higher for smokers compared with those who were past or never smokers (age adjusted geometric mean: 142.4 vs 105.1 pg/ml respectively, PZ0.012). Weight, BMI, and exercise frequency were not significantly associated with OPG.
RANKL levels did not differ significantly by sex, age, weight, BMI, alcohol use, or exercise frequency among men or women. For men only, RANKL levels were higher for smokers compared with those who were past smokers or never smoked (age adjusted geometric mean: 1.9 vs 0.9 pg/ml respectively, PZ0.011).
The correlation of RANKL with the RANKL/OPG ratio was 0.93 (P!0.001) and did not vary among the three study groups. The correlation of OPG with the ratio was K0.33 for men, K0.47 for women not using estrogen, and K0.36 for women using estrogen (all P! 0.001). There were no significant correlations between serum OPG and RANKL.
Associations of OPG, RANKL, and their ratio with BMD Table 3 summarizes results of multilinear regressions of OPG, RANKL, and their ratio with BMD. Higher levels of OPG were associated with higher BMD at the lumbar spine, femoral neck, and total hip for women using estrogen but not non-users. For men, higher OPG levels were associated with higher BMD only at the lumbar spine.
Higher RANKL levels were significantly associated with lower BMD at the total hip in men only; higher RANKL levels were also marginally associated with lower BMD at the femoral neck (P!0.074) and lumbar spine (P!0.069) in men, but only after adjustment for all covariates. No RANKL-BMD associations were observed in women. RANKL/OPG ratio associations with BMD were essentially the same as those for RANKL (data not shown).
Associations of OPG and RANKL with changes in BMD
The annual percent change in BMD from baseline was significant for all three groups at all three bone sites. Rates of bone loss at the femoral neck and the total hip were not significantly different between men and women not using estrogen, but were significantly lower for women using estrogen (P!0.001). All comparison groups had a net gain in bone at the lumbar spine, consistent with osteoarthritis. Baseline OPG and RANKL levels were not associated with change in BMD at any site for any of the three comparison groups.
Discussion
In this cohort of older men and women, we found an independent, positive cross-sectional association of OPG with BMD at the lumbar spine, femoral neck, and total hip in women estrogen users, but not in women nonusers of estrogen. In men, multiply adjusted OPG levels were associated with BMD at the lumbar spine only. Higher RANKL levels were significantly associated with higher BMD at the hip in men, but not women. Neither OPG nor RANKL predicted 5 to 10 year change in BMD. The absence of a positive association of OPG with BMD in women who were not using estrogen is concordant with five of six previous studies (3, 11, 14, 16, 21, 28) . Only one prior study explicitly assessed women using estrogen. In that study of 490 postmenopausal women, OPG levels were higher in the 70 women who were using estrogen compared with those who were not, but no significant OPG-BMD associations were found in either group (16) . Although OPG concentrations did not differ in estrogen-users versus non-users in our study, significant positive OPG-BMD associations were found at all bone sites for women using estrogen. These results are consistent with animal and in vitro studies showing that higher levels of estrogen are associated with higher levels of OPG (6, (29) (30) (31) and that OPG inhibits osteoclast activity, resulting in less bone resorption (5-9, 32, 33).
Three of six previous studies (3, 11, 13, 15, 19, 20) reported positive OPG-BMD associations in men. In the present study, higher OPG levels were significantly associated with higher BMD at the lumbar spine after adjustment for covariates. No significant associations were observed at the femoral neck or total hip. Endogenous levels of estrogen and testosterone and their effects on OPG may be confounding the associations. In vitro studies have shown that estrogen increases OPG, while testosterone and the non-aromatizable androgen 5a-dihydrotestosterone seemingly have the opposite effect (15, 28, 29, 34, 35) . Alternatively, because of the number of associations evaluated, the OPG-spine BMD association only in men and only at a single bone site may be due to chance.
Although no RANKL-BMD associations were found for women, for men higher RANKL levels were significantly associated with lower BMD at the total hip and marginally associated with lower BMD at the femoral neck and lumbar spine. Two other studies have published RANKL-BMD associations in humans. One reported no association at the middle and distal phalanges in 566 men and women aged 18-75 years (19) ; the other reported an inverse association at the femoral neck in 80 Korean men aged 42-70 years (20) .
The inverse RANKL-BMD association for men in our study is in the predicted direction, given the expected function of RANKL.
An inverse RANKL-BMD association in men but not women raises the question whether testosterone mediates this association. One in vitro study supports this thesis; the androgen dihydrotestosterone (derived from testosterone in human tissues) inhibited OPG mRNA levels and protein secretion by osteoblastic cells by up to 60% (34) . However, testosterone had no effect on RANKL mRNA expression in a study of mouse bone cells (35) , and no association between RANKL serum levels and testosterone was found in a study of 289 men (19) . Nevertheless, testosterone may indirectly mediate the RANKL-BMD association by acting on other modulators of the RANKL-RANK pathway. Older men have much higher estrogen levels than postmenopausal woman, but estrogen seems unlikely to be an important modulator of the RANKL-BMD association in that no association was observed in women using estrogen, who have circulating levels of estradiol similar to those in older men.
Standard levels of OPG and RANKL are not wellestablished (2) . OPG levels reported here are within the wide range published in other studies. Mean values of OPG (for assays that detect all OPG forms) have ranged from 10 to 246 pg/ml (3, (14) (15) (16) 21) , with the exception of one study reporting 1359 and 1229 pg/ ml for pre-and postmenopausal women respectively (28) . Wide ranges in reported values likely reflect differences in study populations, collection and storage methods, assay detection levels, and improved detection levels in newer assays (2) . Consistent with earlier studies (3, 11-13, 15, 19, 28) , we found higher serum OPG levels with increasing age, no sex differences in OPG, and no difference in serum RANKL levels by age or sex.
Most RANKL is cell bound and serum levels are low (7). Until recently, RANKL assays were not sensitive enough to detect levels for a large proportion of healthy individuals (21) . One study reported that 55% of postmenopausal women had undetectable levels (21) . Mean values using the less sensitive assays ranged from 7 (3) to 26 pg/ml (20, 21, 36, 37) . According to the manufacturer's insert for the Biomedica kit, levels below 1.6 pg/ml can now be reliably detected. For the present study, the detectable level of RANKL was set at 0.20 pg/ ml. By these criteria, only 11% of the cohort had undetectable levels and the mean value of 1.73 pg/ml was therefore lower than that reported in other studies.
Baseline OPG and RANKL values were not associated with 5 to 10 year change in BMD at the femoral neck, total hip, or lumbar spine in men or women. In the only other study of OPG and bone loss (11), OPG was not related to 5 year change in femoral neck or total hip BMD in 180 postmenopausal women. There are several reasons why serum OPG and RANKL levels measured at a single point in time may not predict change in BMD over time. First, because OPG levels increase with age, baseline values may reflect current bone status but not predict future bone loss. Secondly, while RANKL levels are relatively stable over time, the ability of RANKL to induce the RANK signaling system depends on levels of other modulators such as macrophage colony-stimulating factor, and the levels of these modulators are dynamic over time (2) . Finally, some mediation of bone resorption occurs downstream of RANK and therefore is independent of OPG and RANKL levels at any single point in time (4) .
This study has several strengths, including the community-dwelling cohort of relatively healthy ambulatory adults unselected for osteoporosis who were not using bone-specific medications at baseline, the prospective design, quality controlled DXA scans, relatively large sample size, inclusion of both sexes, and validated hormone therapy use. Study limitations include the fact that OPG and RANKL are produced by many different cells, thus serum concentrations are not bone-specific (3, 38) . In addition, circulating OPG and RANKL levels are low, difficult to measure, and may not reflect intracellular concentrations or activity. This might partially explain low or absent associations with BMD, but would not explain different associations by sex. Like all studies of older adults, healthy participant bias and survival bias were present. However, these biases were unlikely to contribute to the estrogen use specific OPG-BMD associations in women or to the significant inverse RANKL-BMD association only in men. Previous Rancho Bernardo studies have shown that poor renal function is associated with decreased BMD (39), whereas diabetes is associated with higher BMD (40) . Measures of renal function and diabetes are not available at the baseline visit for this study, therefore the effect of the association of these two conditions on OPG and RANKL associations could not be examined. Because of the number of associations evaluated, some associations may be due to chance. Finally, the Rancho Bernardo cohort was comprised almost entirely of white, relatively welleducated, and middle or upper-middle class adults; results may not be generalizable to other ethnic or socioeconomic groups.
In conclusion, the selective association of OPG and BMD in women using estrogen suggests that exogenous estrogen may inhibit osteoclast activity indirectly by increasing OPG levels in the bone microenvironment, and is in line with laboratory studies showing a modulatory effect of estrogens on OPG-bone biology in females. Only men showed a significant RANKL-BMD association. This unexpected result may indicate a testosterone or other sex hormone effect on modulators of the RANKL-BMD system. More studies are needed to confirm these sex differences, to clarify their etiology, and to quantify the importance of OPG and RANKL on the RANK pathway relative to other mediators of osteoclast activity. Whether measurement of circulating levels of these cytokines will be clinically relevant is not yet clear.
